Abstract Regime shifts are abrupt changes in an ecosystem that may propagate through multiple trophic levels and have pronounced effects on the biotic and abiotic environment, potentially resulting in ecosystem reorganization. There are multiple mechanisms that could cause such abrupt events including natural and anthropogenic factors. In the North Pacific, a major shift in the physics of the system, including a sudden increase in sea surface temperature, was reported in 1977 with a prominent biological response in the lower trophic levels and subsequent effects on the fisheries and economy of the region. Here we investigate the statistics of physical processes that could have triggered and maintained the late 1970s shift. The hypothesis of an extreme sea level pressure event abruptly changing the oceanic conditions in winter 1976-1977, which was maintained by long-term changes in air-sea interaction processes, is tested. Using dynamical proxies, we show the occurrence of an extreme atmospheric event, specifically a persistent Aleutian Low during winter 1976-1977, which constitutes a substantial part of the triggering mechanism of the regime shift. Subsequent sudden changes in the net heat flux occurred in the western North Pacific, particularly in the Kuroshio Extension region, which contributed to the maintenance of the new regime.
Introduction
A marine ecosystem regime is defined as a persistent, equilibrium ocean state characterized by specific physical and biological conditions (Beamish et al., 2004) . The transitions between different states are known as regime shifts and are typically described as abrupt changes that present high amplitude variability, propagate through multiple trophic levels and lead to ecosystem restructuring (Conversi et al., 2015; Lees et al., 2006) . The main mechanisms suggested to drive these shifts include processes in the biotic and abiotic environment, as well as changes within the structure of the natural environment itself (deYoung et al., 2008) . Multiple factors may also act synergistically to initiate and maintain a regime shift (Cury & Shannon, 2004) . Thus, identifying the mechanisms driving these sudden changes is a challenge due to the complexity of the ocean system and its multiple environmental forcings (deYoung et al., 2008; Lees et al., 2006) .
A major shift occurred in the North Pacific in winter 1976 -1977 (Hare & Mantua, 2000 . The complex internal and teleconnection dynamics of the North Pacific play a marked role in driving the physical properties of the basin, notably a significant cooling in the central North Pacific and warming in the eastern region. This sea surface temperature (SST) pattern is described as the positive phase of the leading mode of North Pacific variability, the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997) . The phase shifts of the PDO have been directly related to the major regime shifts of the North Pacific in 1925 , 1940 , and 1977 (Chavez et al., 2003 Mantua et al., 1997; Minobe, 1997; Zhang et al., 1997) , leading to pronounced effects on the regional biology and fisheries (Schwing et al., 2010) . PDO shifts are consistent with expected variability from the red noise (Rudnick & Davis, 2003) , where atmospheric noise combined with ocean thermodynamics determine the decadal climate variability and redden the oceanic memory (Pierce, 2001 ). The second leading mode of the North Pacific SST variability, described by the North Pacific Gyre Oscillation (NPGO), represents changes in physical and biological variables that also impact the regional biological dynamics (Di Lorenzo et al., 2008) . Long-term changes and community reorganization have been reported in the whole North Pacific in response to the shift (Yatsu et al., 2008) , in addition to the collapse of foraging fish populations and the rapid increase of ground fish and salmon populations in the Gulf of Alaska (Anderson & Piatt, 1999; McGowan, 1998) . Specifically, dramatic fluctuations of salmon abundance in the Gulf of Alaska have been linked to PDO-driven variability (Mantua et al., 1997) . Biological time series in large marine systems as the North Pacific have the potential to exhibit regime shifts as a nonlinear response to physical forcing (Hsieh et al., 2005) or by linear tracking of the environment (Hsieh & Ohman, 2006) . Di Lorenzo and Ohman (2013) suggested that state transitions can also be described by cumulative integration of environmental and climate forcing.
The North Pacific atmospheric dynamics are characterized by two main sea level pressure (SLP) patterns: the Aleutian Low and the North Pacific High. The Aleutian Low is defined as a low atmospheric pressure system above the Aleutian Islands and the Gulf of Alaska that dominate the region during winter time (Wang et al., 2012) . Changes in the intensity of the Aleutian Low are reflected in the North Pacific Index, which is calculated from the area-weighted sea level pressure over the North Pacific (Trenberth & Hurrell, 1994) . The North Pacific High is a high-pressure system located above the California region which is fully developed during summer (Kenyon, 1999) .
A change in the North Pacific atmospheric pressure patterns, specifically a deepening of the Aleutian Low, has been suggested as the main mechanism to trigger the sudden change in the late 1970s (Hare & Mantua, 2000) . The Aleutian Low deepening was related to a switch from a negative to positive phase of the PDO (Mantua et al., 1997) , which is linked to the El Niño Southern Oscillation (ENSO) (Newman et al., 2016 ). An intensification of the westerlies caused a negative wind stress curl, resulting in increased SST along the eastern coast and decreased SST in the central and western North Pacific (Latif & Barnett, 1994; Miller et al., 1994) , through enhanced surface heat fluxes and anomalous Rossby waves (Mantua & Hare, 2002; Qiu et al., 2007) . Modeling studies have also proposed that the maintenance of these conditions was mainly due to changes in the heat budget throughout the whole extent of the ocean basin, including changes in terms such as horizontal advection, mixing/entrainment, and air-sea heat fluxes (Miller et al., 1994) . Previous studies suggested that a positive phase of PDO (deep Aleutian Low) is related to negative phase of Kuroshio Extension dynamical state, and vice versa . Qiu (2003) showed that the strength of the Kuroshio Extension jet is related to the sea surface height anomalies that originate from the eastern North Pacific as a result of wind forcing. Further, a coupled oceanatmosphere modeling scenario suggested that warm SST anomalies in the eastern North Pacific cause negative local sea surface height anomalies toward the west, resulting in alterations in the Kuroshio Extension SST (Qiu et al., 2007) . The PDO phases have been recently linked to the Kuroshio Extension phases affecting the strength of the jet, the sea surface height, and the SST of the extension region . On the other hand, modeling studies showed that the Kuroshio Extension circulation variability is part of the forcing mechanisms of the PDO (Schneider & Cornuelle, 2005) . A positive phase of the Kuroshio Extension (warm SST anomalies) presents prominent atmospheric responses due to increased heat loss from the ocean, affecting the atmospheric circulation of the whole North Pacific (R evelard et al., 2016) . Alternative hypotheses regarding the trigger and maintenance mechanisms of the regime shift have also suggested that tropical ENSO teleconnections (Graham, 1994; Nitta & Yamada, 1989) as well as variations of the tropical Indo-Pacific climate (Deser et al., 2004) , may have caused these SLP and subsequently SST anomalies.
This study aims to statistically identify the unique signatures that are associated with the initiation and persistence of the conditions for the major North Pacific regime shift in [1976] [1977] . Although the late 1970s regime shift has been widely studied, the limited understanding of the dynamics of regime shifts, specifically in the case of multiple driving forcings in complex systems such as the North Pacific (deYoung et al., 2008) , call for further scrutiny. Here we use a combination of extreme value analysis on dynamical proxies and change-point detection to reveal new insights. First, we test the hypothesis that an extreme atmospheric event, specifically the deepening of the winter Aleutian Low, was the main triggering factor of the unusual oceanic conditions that resulted in a new environmental state of the North Pacific region (Miller et al., 1994; Yasunaka & Hanawa, 2002) . To test this hypothesis, we use dynamical proxies to identify extreme SLP patterns in the North Pacific region. Second, we investigate through change-point analysis whether changes in the air-sea interaction factors, particularly in heat budget terms, helped to maintain these altered oceanic conditions (Miller et al., 1994) and allowed the new regime to persist for multiple years.
Methodology

Data
The North Pacific region from 208N to 608N and 1008E to 908W was the focus of this study. Daily sea level pressure (SLP) and net heat flux data were obtained from the National Center for Environmental Prediction/ National Center for Atmospheric Research (NCEP/NCAR) reanalysis project (Kalnay et al., 1996) with spatial resolution of 2.58 3 2.58 from 1948 to present. Net heat flux was calculated by summing the latent, sensible, net long wave flux, and net solar flux components. As such, negative values of net heat flux represent heat loss from the ocean to the atmosphere, and vice versa. The North Pacific Index (NPI), used here for the SLP pattern comparison of the dynamical analysis results, was obtained from the ''The Climate Data Guide: North Pacific'' (Hurrell et al., 2016) . The NPI is the area-weighted SLP over the region and is defined as a measure of the atmospheric variations of the North Pacific on interannual to decadal time-scales (Trenberth & Hurrell, 1994) .
Dynamical Proxies
In order to identify extreme atmospheric events that may have triggered the regime shift in 1976-1977, we use an approach combining extreme value theory and dynamical system analysis proposed by Faranda et al. (2017) . This method has the advantage of providing a natural way to detect extremes in the time series and can be used to understand features of physical systems (Faranda et al., 2011 (Faranda et al., , 2017 . In this setting, we consider the atmospheric flows as chaotic and settled on an attractor, which is defined as a set of states that the system approaches repeatedly. Mathematically, attractors are characterized by their instantaneous properties, termed as the instantaneous dimension, d(f), and the inverse-persistence, h(f), where f represents the state of the attractor. They measure the number of patterns similar to the current one (f) that occur in the time series and the persistence of each one of those patterns. A high instantaneous dimension indicates that the dynamics are highly unpredictable since the system can move into any one of d possible configurations at a given time, whereas a low instantaneous dimension indicates that the system tends to follow simple dynamics. Further, h(f) is defined as the inverse of persistence time of each pattern of the field. Thus, the lower the h(f), the more persistent the state f of the attractor and the more likely that the previous and future states will appear like state f. The approach is based on fitting a generalized Pareto distribution to the exceedances above a specified threshold, following the Peak Over Threshold method (Pickands, 1975) . Hence, we define the extremes in daily sea level pressure instantaneous properties as the 0.02 and 0.98 quantiles, i.e., cutoffs separating the 2% smallest and largest values in the time series, respectively. The results are found to be insensitive to the choice of the quantiles for the extremes threshold selection (e.g., 0.05 and 0.95 quantiles, supporting information Figures S1 and S2). Additional details of the approach are presented in supporting information.
Regime Shift Analysis
Empirical Orthogonal Functions (EOF) are used to explore the spatial patterns and temporal variability of net heat flux time series in the North Pacific. Additionally, change-point detection is used to investigate the presence (or absence) of an abrupt change in the net heat flux in the North Pacific. Specifically, we use the ''environmental time series change-point detection'' approach ''EnvCpt,'' (Killick et al., 2018) . We use this method as it enables regime shifts (characterized by abrupt changes in the mean) to be distinguished from long-term trends and red noise. Red noise represents the memory of the random atmospheric forcing (i.e., white-noise) in the ocean (Overland et al., 2006) . In order to detect temporal and spatial abrupt changes in the North Pacific, the EnvCpt approach is primarily applied here to monthly net heat flux data with a minimum segment length of 10 years of data to ensure enough observations are used to estimate abrupt changes. Additional details of the approach are presented in supporting information.
Novel aspects of this study include the application of the dynamical system analysis and change-point detection to investigate extreme events in the North Pacific SLP and abrupt changes in net heat flux for the first time, to the extent of our knowledge. The combination of techniques used here reveal the mechanisms leading to regime shifts, with the main requirements being the availability of data and the nature of the distribution of the tail observations of the time series. Specifically, the dynamical system analysis requires a sufficient series of data (for more details see Faranda et al., 2011) and that the tails of the distribution of the observations follow a generalized Pareto distribution (see supporting information). The EnvCpt method assumes that the time series behaves as a combination of a constant mean or a long-term trend, with a background of white-noise or a first-order autocorrelation process (AR(1)), with the possibility of abrupt changes in all possible model configurations.
Results
North Pacific Sea Level Pressure Extremes
The SLP patterns that correspond to extreme values of instantaneous dimension and inverse-persistence are presented in Figure 1 , together with the related phases of the North Pacific Index (Figure 1a) . When the NPI is in its negative phase, the instantaneous dimension tends to be low, and the atmospheric configuration of SLP anomalies reveals an extremely deep Aleutian Low pattern (Figure 1b) . On the other hand, extreme high inverse-persistence is associated with North Pacific atmospheric blocking patterns (Figure 1c) , which are defined as strong high-pressure systems splitting the westerly flow into two branches. The instantaneous dimension extreme high corresponds to a spring transition pattern (Figure 1d) . Finally, when the inverse-persistence is extremely low, the atmospheric configuration corresponds to a strong North Pacific High signal (Figure 1e ).
North Pacific SLP patterns present strong seasonality with significant differences between summer and winter (Johnson & Feldstein, 2010) . Since the instantaneous properties are expected to have a direct correspondence to large-scale atmospheric patterns, a similar seasonal cycle would be expected to emerge in the results. Indeed, the low instantaneous dimension quantile that revealed the extreme Aleutian Low, occurred most frequently during winter (Figure 2b) . The low inverse-persistence feature occurs most frequently in the summer and represents the North Pacific High atmospheric pattern (Figure 2e ). High inversepersistence and instantaneous dimension are observed during spring and autumn (Figures 2c and 2d) , when the atmospheric blocking and spring transition patterns develop in the region. The number of days of each year in which the instantaneous dimension is in its extreme low state (2% quantile), i.e., the pattern corresponding to the extreme Aleutian Low, is presented in Figure 3a . The year with the highest number of days with this extreme pattern is 1977 (16 days), more than double the average (5.3 days). Furthermore, we identified in which months the instantaneous dimension extreme low was present. The total percentage of days falling within winter months (December-January-February) throughout the whole study period was 80%. Specifically for 1976-1977, 91% of the instantaneous dimension extreme low states occur during winter (January and February; Figure 3b ).
Abrupt Changes in Net Heat Flux
The first EOF of net heat flux reveals a pattern around the Kuroshio Extension region, explaining 22% of the variability (Figure 4a ). Figure  4b presents the temporal evolution of the first EOF, showing how the pattern varies in time. A sudden change in the temporal evolution of the first EOF around the late 1970s is suggested. This shift indicates a potential sudden and sustained change in net heat flux that we investigate further with change-point analysis.
Change-point analysis was applied on the first EOF of net heat flux and revealed a sudden step around the year 1979 (supporting information Figure S4 ). We identified the best fit according to the Akaike Information Criterion (AIC), which assesses performance based on a good fit and robustness of the statistical model (Akaike, 1973) . The lowest AIC was the linear trend with a change-point in 1979 and firstorder autocorrelated errors (Figure 4c ). In order to confirm the temporal but also spatial variations in heat exchange, a pixel-wise change-point analysis was applied on monthly data. Change-points were detected mainly in the western Pacific, where the Kuroshio Extension region and part of the tropical Pacific presented coherent changes around the year 1977 ( Figure 5 ). Since the results of both the EOF and change-point methods presented spatial consistency, further emphasis was given to the Kuroshio Extension region where numerous change-points were detected around 1976-1978 ( Figure 5 ). This suggests that the sudden change in net heat flux is regional and consistent with the hypothesis that the maintenance of the oceanic conditions causing the regime shift was due to deviations in heat budget terms (Miller et al., 1994) , specifically increased heat flux into the ocean concentrated in the Kuroshio Extension region.
Discussion
The findings of our analysis provide evidence that an extreme Aleutian Low occurred in winter of 1976 -1977 , and that it was the strongest and most persistent such event throughout the entire study period. Typically, the Aleutian Low presents its highest intensity during boreal winter (Rienecker & Ehret, 1988; Wang et al., 2012) . However, this atmospheric configuration in its extreme phase was more persistent than usual during the winter of 1976-1977, when it was present for more than double the average number of days (Figure 3 ). This indicates a particularly strong and persistent event with the potential to alter the oceanic physical parameters in a striking way. An extreme deepening of the Aleutian Low increases the westerly winds strength and consequently decreases the SST in the central North Pacific as a response to increased surface heat fluxes. Similarly, the extreme Aleutian Low also increases the southerly winds, causing reduced heat losses and eastward Ekman currents advecting warmer SST toward the east coast (Miller et al., 1994; Miller & Schneider, 2000) . An extensively accepted hypothesis for the mechanism causing the regime shift in 1976-1977 is that an unusual deepening of the Aleutian Low initiated the changes in the physical state of the ocean (Hare & Mantua, 2000; Miller et al., 1994; Miller & Schneider, 2000; Trenberth & Hurrell, 1994) .
The dynamical proxies also revealed an extreme North Pacific High, which occurred most frequently during summer time (Figures 1e and  2e) . Indeed, the strongest high-pressure center of the North Pacific High is formed during summer (Kenyon, 1999) . Similarly, North Pacific atmospheric blocking patterns defined as strong high pressures splitting the westerly flow into two branches were observed in this analysis during spring and autumn seasons. However, previous work showed that these atmospheric blocking patterns have strongest intensity in winter and spring time (Barriopedro et al., 2006; Fei et al., 2002) . Further, atmospheric patterns that are formed during summer were found to be more persistent in comparison to the winter atmospheric conditions (Figures 2a and 2e ). This seasonal variation is consistent with the increased frequency of short-lived (5-10 days) SLP patterns in winter compared to summer (Johnson & Feldstein, 2010) . Nevertheless, the extreme phases of the North Pacific High and the atmospheric blocking patterns did not appear in the results during the years of interest, centered on 1977. This suggests that the occurrence of these patterns did not take significant part in the triggering mechanisms of the late 1970s regime shift.
The dominant EOF for the net heat flux and the associated changepoint analysis, highlight the importance of the Kuroshio Extension (Figure 4b ), i.e., a shift from heat flux out of the ocean to the atmosphere, to the opposite scenario. Further, change-point analysis performed on winter net heat flux observations also revealed abrupt changes in the Kuroshio Extension region centered on 1977 (Figure 4c ). Both analyses highlight the area of major air-sea heat exchange over the Kuroshio Extension region, even though a deep Aleutian Low would have prominent effects across the whole North Pacific. The Kuroshio Extension undergoes large decadal fluctuations mainly controlled by the Aleutian Low ) and responds to basin-scale changes in wind forcing and sea surface height with a lag of 2-4 years (Ceballos et al., 2009; R evelard et al., 2016) . Both the transport and position of the Kuroshio current are affected by wind stress changes related to atmospheric patterns (e.g., the Aleutian Low) and the PDO in the eastern North Pacific through the propagation of Rossby waves and Ekman currents (Nonaka et al., 2005; Qiu, 2002) . A deepening in the Aleutian Low (positive PDO) increases the westerlies and causes anomalous positive wind stress curl in the central North Pacific , which enhances the southward Ekman drift (Seager et al., 2001 ). This produces negative sea surface height anomalies in the central region that propagate into the Kuroshio Extension region through Rossby waves and weakens the Kuroshio Extension jet (Qiu & Chen, 2005) . This process causes lagged responses of the SST of approximately 3-4 years in the western region (Sasaki et al., 2013) , destabilizing the dynamical state of the Kuroshio Extension system . SST variability in the region generates anomalous heat fluxes (R evelard et al., 2016) , resulting in an area of maximum ocean-atmosphere heat exchange affecting the conditions of the whole North Pacific (Qiu et al., 2007 (Qiu et al., , 2014 . The reverse holds for a positive wind stress curl and negative PDO. This mechanism is presented schematically in Figure 6 .
The main heat flux pattern revealed using our new approach on a long time series (1948 to present) captures 22% of the variance. Nevertheless, this pattern has been previously associated with variability in the dynamic state of the oceanic gyre and consequent atmospheric changes in response to oceanic forcing from the Kuroshio region (Qiu et al., 2014; Schneider et al., 2002; Schneider & Miller, 2001) . Our results are also consistent with a modeling study that provided insight into the maintenance processes of the altered oceanic conditions during the regime shift (Miller et al., 1994) , which suggested that the conditions responsible for the 1976-1977 shift were established by extended changes in the air-sea fluxes, specifically by strong cooling of the Mid-Pacific region and warming into the California coastal areas. Miller et al. (1994) also suggested that long-term changes in the heat budget in the Mid-Pacific region maintained the unusual oceanic conditions. Although most studies have focused on the SST of the Kuroshio Extension, Kelly (2004) suggested that the heat content in the ocean surface better represents the air-sea interactions of the area. Among the heat budget terms, i.e., heat advection, mixing, and SST, surface net heat flux is the most anomalous forcing term, being four times larger than the others in the California Current region and two times larger in the Mid-Pacific (Miller et al., 1994) . In addition, our results are also in agreement with the hypothesis that the decadal variability of the dynamical state of the Kuroshio Extension jet is associated with PDO variability originating in the eastern North Pacific (Qiu, 2003; Qiu et al., 2016) . A rapid transition of the PDO index from negative to positive phase has been previously detected, occurring simultaneously with shifts in physical parameters in the North Pacific (Beaulieu et al., 2016; Mantua et al., 1997; Newman et al., 2016) . At the same time, a shift of the North Pacific Gyre Oscillation (NPGO) index has been noted with reverse polarity to the PDO (Di Lorenzo et al., 2008; Litzow & Mueter, 2014) , even though later analyses could not demonstrate the significance of the abrupt shift in the NPGO index (Beaulieu et al., 2016) . Additionally, ENSO variability in the tropical North Pacific affects the climate variability of the North Pacific region (Di Lorenzo et al., 2010) via the atmospheric bridge, leading to SST and circulation changes through atmospheric teleconnections, including changes in wind, humidity, and cloudiness (Alexander et al., 2004; Graham, 1994; Newman et al., 2016) .
To conclude, we present a new approach to investigate marine regime shifts by combining dynamical proxies and statistical analyses, which may be useful in future studies to monitor and predict sudden changes due to extreme events. We use this analysis to show that an extreme atmospheric event occurred in winter 1976-1977 and contributed to the triggering of the major regime shift in the North Pacific. The intensification of the Aleutian Low atmospheric pattern has prominent effects on the regional winds, the SST, sea surface height as well as the heat fluxes of the whole North Pacific. Links from the western to the eastern basin, specifically the propagation of changes due to PDO variability through Rossby waves affecting the Kuroshio Extension jet, have been previously shown (Mantua & Hare, 2002; Qiu et al., 2016 Qiu et al., , 2007 Schneider & Cornuelle, 2005) . The response of the extreme Aleutian Low in winter 1976-1977 is detected mainly in the heat fluxes of the Kuroshio Extension. Increasing atmospheric extreme events and the oceans' response may be responsible for more frequent regime shifts in the future and should be the focus of future studies.
